Several matrix materials have been examined for growth and differentiation of myogenic cells in mass culture (cf. [1] ) and for the use in grafts. These included alginate hydrogels [2] , fibrin gels [3] , polyglycolic acid meshes [4] , poly(L-lactic acid) fibres [5] , sponge-like composites of poly(L-lactic acid) and polylacticglycolic acid [6] , polypropylene fibres coated with laminin [7] , UV-embossed/micropatterned polyurethane diacrylate [8] and a degradable block polyesterurethane [9] . In agreement with the experience of many authors (e.g. [10, 11] ) collagen-based matrices or collagen coated surfaces supported growth and differentiation of myogenic cells both in mass culture [1] and in grafts.
The [12] . The permanent mouse cell line C2C12 was used as a model myogenic cell.
aim of the present work was to evaluate, in a first pilot study, a highly ordered collagen-I-based scaffold and culture conditions for myogenic cells as tools to efficiently graft muscle precursor cells or immature muscle fibres (myotubes) into recipient mice and to achieve the formation of skeletal muscle-like tissue in situ. Scaffold cultures were analysed directly or after grafting into a muscle bed of enhanced green fluorescent proteins (eGFP) labelled nude host mice. The recipient eGFP label served to distinguish host from donor cells
Furthermore, the present study aimed at demonstrating the importance of the eGFP labelling of the host for the assessment of the host and donor contributions of regenerates, respectively.
Material and methods

Production and properties of collagen sponges with oriented pores (CS)
The preparation of collagen scaffolds with parallel oriented pores is based on a patented 'unidirectional freezing' process of an aqueous dispersion containing 1.5 wt% of porcine collagen fibres (mainly type I) and low amounts of elastin followed by a freeze-drying process [13] [14] [15] (Fig.1 ).
Cells and culture media
As a source of myogenic cells, the C2C12 subline (ATCC CRL 1772, [16] ) of the permanent myogenic cell line C2 (derived from the C3H inbred mouse strain; [17] [20] . In order to prevent graft rejection, nude (nu/nu) and eGFP transgenic individuals were used as hosts for transplantation experiments [12, 20] . Reconstituted muscles in CS were grafted into the bed of the previously excised anterior tibial muscle (TA) using the transplantation procedure previously described for donor muscles [12, 21] 
Culture of myogenic cells in collagen sponges
Host mouse strain and surgery
The mouse strain C57BL/6 Cr Slc TgN(act-EGFP)OsbC15-001-FJ001 transgenic for the enhanced green fluorescent protein of the jelly fish Aequoria victoria [19] had been crossed into an NMRI-nu mouse strain. This hybrid strain shows high concentrations of eGFP in all muscle types
Physiology and histology
To assess the ability of the regenerates to generate force, isometric contraction measurements on collagen sponge grafts using direct stimulation were done as previously described for muscle grafts [22] Histology was done on fresh frozen sections as described elsewhere [12] . Nuclei were stained with Hoechst dye 33258 (bisbenzimide, Sigma; blue fluorescence). eGFP was fixed using the formaldehyde vapour method [20, 23] . Sarcomeric myosin heavy chain (MyHC) was stained on adjacent sections with the monoclonal murine antibody MF20 (ATCC [24] 
Results
Myotube formation in collagen sponges in culture
Sections of CS cultures (Fig. 2) revealed that myotubes had formed in a parallel orientation according to the pore structure of the scaffold (Fig. 2A) . Differentiation of these myotubes was indicated by their content in sarcomeric myosin, as shown by staining with the monoclonal antibody MF20 (Fig. 2B) . Furthermore, myotubes in the CS had synthesized and deposited laminin, and thus started to form their own extracellular matrix (Fig. 2C) (Fig. 3A) . [22] . Timeto-peak and half-relaxation times corresponded to those of fast muscle of the mouse. Fig. 4A-E; cf. [12] ). There were large regions of myotubes and immature muscle fibres devoid of eGFP and thus of solely donor origin (Fig.4A and B reflects a loss of the permanent C2C12 cell line to achieve the stage of a fully mature muscle fibre (c.f. [25] ). Fig.5 suggests that a high density of seeding the C2C12 cells and the possibility to proliferate after transplantation is more important for the calibre of resulting muscle fibres than fusion prior to transplantation.
External appearance and function
Recipient animals resumed normal gait after about 10 days postoperatively (p.o.). They were sacrificed between 14 and 50 days after surgery. When the skin was deflected from the operated leg, the surface of the graft appeared reddish due to extensive vascularization; it was distinct from that of the surrounding host muscles by the absence of intense green fluorescence
The tendon of the TA to which the graft had been fixed, was shown to have regenerated (50 days p.o.). Force measurement upon direct electrical stimulation revealed twitch and tetanic tensions (Fig.3B and C) in the range of 5-20% of an authentic adult TA and were comparable to those of regenerated transplanted TAs
C2C12 cells, and cultured for 2 days in proliferation medium (PM) and subsequently for 5 days in fusion medium (FM) to induce myotube differentiation. (A) Haematoxylin-eosin stain to show collagen matrix (pink) and myotubes (purple). (B) Fluorescence image combining anti-myosin heavy chain (MF20, monoclonal anti-MyHC, red) with Hoechst staining of nuclei (blue). (C) Fluorescence image of an anti-laminin stained section (green), showing the basal lamina of the myotubes. Scale bar in (C), 100 µm, 10 µm in inset.
Controls
No tumour formation was observed when using differentiation competent C2C12 cells, either proliferating or pre-fused in culture (Table 1 ).
In the absence of the C2C12-CS graft no muscle regeneration was observed in the muscle bed after removal of the TA [26] .
When a CS without cells was implanted, there was some immigration by host cells from the margins but no myotube formation.
Discussion
The role of the collagen matrix in our experiments is twofold:
First, it allows a large number of single cells to be placed into a defined position in a muscle bed. This would obviously be impossible using a cell suspension without a solid support to which the cells adhere.
Second, the internal geometry of the matrix serves as an ordered scaffold for the formation of a solid anisotropic tissue from previously randomly suspended cells. [12] . Due to the phenomenon of co-fusion in muscle grafts, a host label, especially with the highly diffusible eGFP allows for a more stringent evaluation of the donor contribution than a donor label (cf. [12, 20] ).
(C, D) Enlargements of areas indicated by dotted outline in (A) and (B), respectively. (E) Overlay of (C) and (D). In (C), regenerated myofibres, largely of host origin are recognizable by high eGFP fluorescence and centrally located nuclei, indicating regeneration. They are surrounded by large numbers of eGFP-negative and hence donor-derived immature muscle fibres and myotubes (D) and (E). Scale bar, 200 µm in (A) and (B), 50 µm in (C, D) and (E
Outlook
In future experiments, expanded satellite cells (myogenic stem cells) rather than a permanent cell line should be used in order to achieve a higher degree of maturation in the CS. At the same time, CS with wider and longer pores, which are in the process of being developed, should be used; in principle it should be possible to achieve pore sizes up to 100 µm by applying appropriate freezing parameters in the directional freezing process [28] . A further refinement would be the use of ordered CS, as described in this paper, in conjunction with either a supplementation with growth factors [29, 30] , or non-myogenic cells (e.g. fibroblasts) [6] or both to improve the integration at the host site and to promote vascularization. Furthermore, appropriate host nerves should be surgically directed into the graft in order to achieve motor and sensory innervation.
Conclusions
In this pilot study we have shown that the use of a novel collagen sponge with oriented pores offers a most promising method for the engineering of at least small muscles, provided that it is seeded at very high cell density. In future experiments, expanded satellite cells (myogenic stem cells) rather than a permanent cell line should be used in order to achieve a higher degree of maturation in CS with wider and longer pores.
